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FGFs are well known as mesodermal inducers and they have been reported to have neural inducing and/or caudalizing
activity in Xenopus. To evaluate the role of FGFs in neural induction and patterning of the nervous system in chick
embryos, we have targeted the ectopic expression of these factors by applying FGF-soaked beads to extended primitive streak
chick embryos developing in culture. The whole embryo culture system allows to directly assessing the neural inducing
activity on nonneural ectodermal cells. Our results show that FGFs induce the production of ectopic neural structures in
the epiblast cell layer which are independent of the endogenous neural tube. The induced neural plates express several
neural positional markers (Otx-2, Krox-20, EphA4, EphA7, and cHox-B9), although they lack anterior neural markers such
as BF-1. These effects are very likely to be exerted by the direct action of FGF on epiblast cells because we have found no
evidence of the induction of an organizer-like activity or of the presence of new axial mesoderm induced by the growth
factor. We conclude that FGFs can act as direct neural inducers and that this action is exerted independently from the axial
mesoderm. © 1998 Academic Press
INTRODUCTION
Neural induction and neural patterning are crucial
processes in the morphogenesis of developing embryos.
Recently, evidence has accumulated to suggest that neu-
ral induction in Xenopus is, in fact, the result of the
derepression of a neural default state. BMP-4, a member
of the TGFb superfamily, has been described as a neural
inhibitor and epidermal inducer such that ectoderm will
convert to neural tissue wherever BMP-4 signaling is
inhibited. In fact, the factors known as neural inducers,
namely chordin, noggin, and follistatin, promote the
formation of neural tissue by sequestering BMP from the
extracellular space, thereby inhibiting BMP-mediated
signaling (see Hemmati-Brivanlou and Melton, 1997; and
Westein and Hemmati-Brivanlou, 1997, for reviews).
However, regardless of the mechanism by which part of
the ectoderm becomes neural (induction or derepression),
the ectodermal cells must pass through a series of differ-
ent states before they form the patterned neural epithe-
lium. Indeed, Streit and co-workers have recently
described the existence of three different phases: compe-
tence, neuralization, and regionalization of the epiblast
cells that can account for the consecutive response to
different signals (Streit et al., 1997).
Fibroblast growth factors (FGFs) are well known as me-
sodermal inducers (Slack, 1994), but in addition they have
been implicated in the anteroposterior patterning of the
neural tube and even in the process of neural induction in
Xenopus embryos (reviewed by Doniach, 1995). Most of
these studies have been carried out in explanted ectodermal
or animal cap tissue (Cox and Hemmati-Brivanlou, 1995;
Lamb and Harland, 1995) or in dissociated animal cap cells
(Kengaku and Okamoto, 1995). In all cases, bFGF was able
to induce position-specific neural markers, but some differ-
ences exist in the results obtained by the different groups.
Cox and Hemmati-Brivanlou demonstrated the induction
of posterior neural markers in anterior neural tissue (cau-
dalization) by FGF; Lamb and Harland detected a neural
inducing activity of bFGF giving rise to the expression of
posterior neural markers (posterior neural induction) and
Kengaku and Okamoto found neural inducing activity with
the appearance of both anterior and posterior neural mark-
ers (neural induction and patterning). These somewhat
divergent results maintain open the question as to the role
of FGF in neural development.
To gain an insight into the mechanisms of neural induc-
tion and neural patterning in vertebrates, we examined the
effects of targeted ectopic application of FGFs in the devel-
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oping chick embryo for the following reasons. One objec-
tive was to determine whether the mechanisms of neural
induction are conserved among vertebrates, as is the case
for the early regulation of neural specification in insects and
Xenopus. As discussed by Sasai and De Robertis (1997),
there is a conservation between the antagonistic secreted
factors that induce the formation of the nervous system
(chordin/short gastrulation in Xenopus and Drosophila,
respectively) and the factors that inhibit it (BMP-4/dpp).
The amenability of the developing chick to embryo culture
allows the use of a more physiological model system. The
whole embryo culture system, as opposed to the culture of
explanted or dissociated cells, avoids the problems related
to the possible removal of signals during the dissociation
process. The chick embryo culture offers the possibility to
assess directly the neural inducing activity on nonneural
ectodermal cells.
We show that an FGF-like activity, when acting on
prospective nonneural ectoderm epiblast cells, is able to
induce neural structures expressing position-specific neural
markers. Furthermore, we show that these FGF-induced
effects are not dependent on the induction of an organizer-
like activity or the formation of new axial mesoderm,
indicating that the ectopic neural structures do not arise as
a secondary effect, resulting from the prior induction of the
axial mesoderm mediated by FGFs.
MATERIALS AND METHODS
Preparation of Embryos
Fertilized hen eggs were purchased from Granja Rodriguez-
Serrano, Salamanca, Spain. Eggs were routinely incubated to obtain
stage 4 embryos (Hamburger and Hamilton, 1951). After opening,
they were prepared for new culture as previously described
(Schoenwolf and Alvarez, 1989).
Targeted Application of FGFs
Heparin acrylic beads (Sigma) ranging from 150 to 250 mm in
diameter were soaked for 2 h at room temperature in a solution of
FGF2 or FGF4 (0.1–1 mg/ml, R & D Systems) in PBS. The beads
were located between the hypoblast and the epiblast after making
a hole in the former. FGF was targeted to the periphery of the
anterior epiblast in a total of 210 blastoderms. PBS-soaked beads
were used as controls in 30 additional blastoderms. The beads were
located at positions between P0 and P45 indicating the angle that
they form with the midline of the embryo (considered to be 0°, see
Fig. 1A). A similar nomenclature has been used in Rodriguez-
Gallardo et al. (1997). Care was taken to place the beads in the
right- and left-hand sides of the embryos to reach a final percentage
close to 50% for each side.
The specimens were photographed at the time of bead implan-
tation and left in culture for 4–24 h to analyze the phenotype. After
removing the embryos from the culture dish, they were fixed
overnight in 4% paraformaldehyde in PBS and processed for whole-
mount immunohistochemistry, in situ hybridization, or double-
immuno/in situ hybridization (see below).
Cloning of Chick BF1 Partial cDNA
RNA was isolated from stage HH15 chick embryos and
oligo(dT)-primed reverse transcribed with MMLV-RT. PCR was
carried out using oligonucleotides that correspond to positions
1301 to 1320 and 1597 to 1616 of the rat cDNA sequence as primers
(Tao and Lai, 1992). The amplified product was subcloned in the
pGEM-T vector (Promega) and sequenced. The sequence is identi-
cal to that reported for CBF-1 (Yuasa et al., 1996).
In Situ Hybridization
Digoxigenin-labeled antisense riboprobes were prepared and
used for whole-mount in situ hybridization as described by Nieto et
al. (1996). EphA4 and EphA7 correspond to the genes previously
called Cek8 (Sajjadi and Pasquale, 1993) and Cek11 (Sefton et al.,
1997), respectively. We are now using the new nomenclature
proposed for Eph receptors (Eph Nomenclature Committee, 1997).
The EphA4 probe was synthesized from a 200-bp PCR fragment
obtained after reverse transcription of mRNA isolated from day 2
chick embryonic heads and amplification with primers correspond-
ing to the catalytic domain (Sefton et al., 1997). The EphA7 probe
corresponded to nucleotides 2557–3473 of the complete cDNA
sequence (Araujo and Nieto, 1997) and the Krox-20 probe was as
described in Nieto et al., (1995). The BF-1 probe corresponded to a
315-bp PCR amplified fragment obtained as described above. The
chick Otx-2, gsc, noggin, and HoxB9 probes were kindly provided
by Edoardo Boncinelli, Jonathan Cooke, and Robb Krumlauf. Fol-
lowing hybridization, embryos were fixed in 4% paraformaldehyde,
paraffin-embedded, and serially sectioned at 15 mm. Whole-
mounted embryos were photographed with a Leica M10 stereomi-
croscope under dark-field illumination, and the sections were
photographed with a Zeiss Axiophot microscope.
Double in Situ Hybridization
Double-labeling in situ hybridization experiments were carried
out by simultaneous hybridization with two probes as described by
Nieto et al. (1996). The Krox-20 probe was labeled with
digoxigenin–UTP (Boehringer-Mannheim) and the cHoxB9 probe
was labeled with fluorescein–UTP (Boehringer-Mannheim). After
hybridization, the embryos were subsequently incubated with
alkaline phosphatase-conjugated anti-digoxigenin and anti-fluores-
cein antibodies. The alkaline phosphatase activity was detected by
incubation with the following substrates: NBT/BCIP (Boehringer-
Mannheim) for Krox-20 and SKII (Vector) for cHoxB9.
Double-Immunostaining and in Situ Hybridization
In double-labeling experiments, whole-mount in situ hybridiza-
tion was carried out prior to immunostaining, essentially as
described in Nieto et al. (1996) except for the omission of the
proteinase K step. The Not-1 and HNF-3b antibodies were obtained
from the Hybridoma Bank at the University of Iowa and used at a
dilution of 1:50. HRP anti-mouse IgG (Sigma) was used as a
secondary antibody at a dilution of 1:200. Peroxidase activity was
detected by incubation in a solution of DAB (0.1%) in PBS contain-
ing 0.025% H2O2.
Immunohistochemistry
Detection of immunoreactivity for the growth factor was carried
out using an antibody raised against the human FGF4 used in this
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study (R & D Systems, 1:500). The procedure was as described for the
double in situ hybridization/immuno protocol. The FGF4 antibody
was detected using a biotinylated anti-mouse IgG (Amersham), which
was subsequently visualized with the ABC kit (Vector).
RESULTS
Chick Embryo Culture and FGF Administration
FGF4 soaked beads were implanted at distinct positions of
the anterior periphery of whole chick embryo cultures at the
full-length primitive streak stage (HH4) between the epiblast
and the hypoblast layers (see Fig. 1A and Materials and
Methods). The embryos were left in culture for different times
depending on the intended analysis, a fraction of them being
analyzed 8 h after bead implantation to determine whether
the factor was released from the bead. FGF4 immunoreactiv-
ity around the bead (4/4, see Fig. 1B and Table 1) confirmed the
diffusion of the growth factor. When the embryos were al-
lowed to develop for 18–24 h, they responded to the implan-
tation of the FGF4 soaked bead by forming ectopic structures
(161/180) that could not be detected when the implanted
beads were soaked in PBS (0/30, Fig. 1C). The ectopic struc-
tures were completely independent from the main neural axis
in 45% of the blastoderms (81/180, Fig. 1D). Another 45%
(80/180) contained ectopic structures that remained associ-
ated to the main embryo, and finally, in 10% of the FGF4
treated embryos (19/180) no ectopic structures could be ob-
served after 24 h in culture.
We have concentrated our analysis on the ectopic structures
that are isolated from the main embryo. We have first ana-
lyzed these treated embryos for the expression of EphA7, an
Eph receptor tyrosine kinase previously called Cek-11 that
serves as a marker for the presumptive forebrain and hindbrain
(Araujo and Nieto, 1997). Apart from the endogenous expres-
sion, we found transcripts in the ectopic structure formed at
the side of the bead (Fig. 1D, arrowhead). This clearly indicates
that the ectopic structure induced by the FGF released by the
bead is neural tissue that expresses a position-specific neural
marker. A similar effect was observed when the beads were
soaked in a solution containing FGF2 (not shown). However,
the concentration of FGF2 needed to induce similar ectopic
structures was much higher (1 mg/ml FGF2 vs 0.1–0.2 mg/ml
FGF4). This concentration-dependent effect indicates that in
TABLE 1
Expression of Organizer and Neural Markers in Ectopic
Structures Assessed at Different Times after FGF Application
Hours in culture Markers
I 8 anti-FGF4 4/4
II 4–12 goosecoid 0/11
noggin 0/11
HNF-3b 0/4
III 18–24 Krox-20 16/23
EphA4 5/7
EphA7 16/23
HoxB9 3/5
Otx-2 4/5
BF-1 0/10
Not-1 0/20
Note. Analysis of ectopic structures induced in blastoderms sub-
jected to targeted application of FGF4-soaked beads. Embryos were
left in culture for different times after bead application and analyzed
for the presence of (I) FGF4 released by the bead: 8 h in culture, n 5 4,
see Fig. 1; (II) organizer markers: 4–12 h in culture, n 5 26, see Figs. 6
and 7; and (III) neural markers and Not-1: 18–24 h in culture, n 5 81,
see Figs. 2 to 5. Five of these embryos were analyzed for the presence
of both HoxB9 and Krox-20 (see Fig. 4) and thus they are represented
twice in this table (n 5 81 instead of n 5 86).
FIG. 1. Targeted overexpression of FGF in chick blastoderms. (A)
Schematic diagram showing the positions chosen for bead applica-
tion (P0 and P45). Beads were also applied at intermediate positions
and at the corresponding positions on the left-hand side of the
blastoderm. The beads are encircled by gradients that correspond to
the putative range of action of FGF in our system. See text for a full
explanation of the scheme. Beads soaked in PBS (C) or 0.1 mg/ml
FGF4 (B and D) where implanted at position P45 in whole chick
embryo cultures at the full-length primitive streak stage. B shows
the detection of FGF4 released by the bead by immunohistochem-
istry using an antibody raised against the factor. C and D show the
expression of the neural marker EphA7, which is normally tran-
scribed in the presumptive forebrain (fb) and hindbrain (hb). PBS-
soaked beads did not produce any effect on EphA7 expression,
whereas FGF4 induced the appearance of an ectopic structure
expressing the gene (arrowhead). An asterisk indicates the position
of the beads in the photographs. AP, area pellucida; AO, area opaca;
NP, prospective neural plate territory (Garcı´a-Martinez et al.,
1993); H, Hensen’s node. The bar indicates 250 mm.
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our system FGF4 is a more potent inducer of ectopic neural
structures than FGF2.
Supernumerary Neural Structures Induced by FGF
In addition to the expression of EphA7, we have analyzed
the expression of other neural markers in embryos subjected
to the targeted application of FGF4 and showing ectopic
structures independent of the main neural axis. The expres-
sion patterns of these markers in untreated embryos can be
observed in Figs. 2A, 2F, and 2K for EphA7, EphA4, and
Krox-20, respectively. EphA4 is another member of the Eph
family of receptor tyrosine kinases that within the neural
epithelium is expressed in the presumptive telencephalon and
in rhombomeres (r) 3 and 5 of the hindbrain (Irving et al.,
1996). Krox-20 is expressed in the presumptive r3 and r5 and a
subpopulation of neural crest cells migrating from r5 and r6
(Nieto et al., 1995). These neural markers were expressed in a
high percentage (70%) of the ectopic structures induced by
FGF bead implantation. The analyses of the expression of the
described neural markers in whole mount and in sections
revealed that these structures were indeed patterned neural
tubes (see Fig. 2) with cells expressing Eph receptors (21/30,
Figs. 2B–2E and 2G–2J) and the transcription factor Krox-20
(16/23, Figs. 2L–2Q). The alternating distribution of tran-
scripts along the ectopic structures is reminiscent of the two
bands of expression (r3 and r5) in the hindbrain for EphA4 (Fig.
2G , arrowheads) and Krox-20 (Figs. 2L, 2P, and 2Q). In the case
of Krox-20, even the expression in the presumptive r6 crest
seems to be detected [compare endogenous expression in Fig.
2M (arrow) with the ectopic expression in 2P and 2Q (arrows)].
These results suggest that FGF4 may serve as a neural inducer
when acting on epiblast cells, generating supernumerary neu-
ral plates.
Anteroposterior Patterning of the Ectopic
Neural Structures
To better assess the patterning of the supernumerary neural
plates, in addition to hindbrain markers, we examined
whether markers specific for other regions of the central
nervous system were present. To generate a telencephalic
specific marker, we PCR amplified chick cDNA sequences
using oligonucleotide primers corresponding to the rat BF-1
gene (Tao and Lai, 1992). In situ hybridization analyses in
untreated embryos showed a pattern of expression restricted
to the presumptive telencephalic regions within the nervous
system (Figs. 3A and 3B and not shown), as has been described
for the rat and mouse genes as well as the chick qin oncogene
and CBF-1 (Tao and Lai, 1992; Xuan et al., 1995; Chang et al.,
1995; Yuasa et al., 1996). As a marker of anterior regions we
also used Otx-2 (Fig. 3), a gene that is expressed in the anterior
neural tube with a posterior limit corresponding to the
midbrain/hindbrain boundary (Millet et al., 1996). We were
unable to detect expression of BF-1 in any of the embryos
analyzed (0/10, Figs. 4A and 4B) indicating that FGF4 cannot
induce telencephalic neural structures. However, we did ob-
serve Otx-2 transcripts in most of the ectopic neural plates
analyzed (4/5, Figs. 3C and 3D), suggesting that the factor can
induce neural structures with a phenotype anterior to the
hindbrain.
We also performed double in situ hybridization for hind-
brain (Krox-20) and posterior spinal cord (cHoxB9) position-
specific markers. Expression of both genes was detected in the
ectopic neural structures (5/5 for Krox-20, 3/5 for HoxB9; Figs.
4A–4C and Table 1). It is worth noting here that the distinct
domains of expression of the two ectopically expressed genes
is conserved, suggesting the existence of tissue specified as
anterior spinal cord (arrow in Fig. 4B). Sections at different
levels and in different orientations of the corresponding em-
bryos and supernumerary structures provide information re-
garding the morphology of the endogenous and ectopic ex-
pressing cells (Figs. 4D–4G). The cells show a very similar
morphology, the main difference between both neural plates
being the degree of curvature of the neural epithelium. This
applies to all ectopic neural structures induced by FGF that we
have analyzed (Figs. 2 to 5).
The Induced Ectopic Structures Do Not Contain
Axial Mesodermal Cells
As FGFs are well-described mesodermal inducers, the
possibility exists that the neural induction exerted by FGF4
is not a direct process, but rather secondary to a primary
mesodermal induction. To address this question, we have
examined the presence of new axial mesodermal tissue
close to the implanted FGF4 soaked bead. Rodriguez-
Gallardo et al. (1997) have shown that the axial pattern of
Brachyury (T) expression seems to remain unaltered in
FGF treated embryos. We wanted to determine whether
ectopic structures that correspond to patterned neural
plates showed evidence of new axial mesoderm beneath
them or close to the bead. We assessed the immunoreac-
tivity of these embryos for the notochordal marker Not-1.
The Not-1 antibody was raised against an antigen specific
for notochordal cells (Yamada et al., 1991) and is there-
fore a better axial mesodermal marker than T. Figure 5
shows that in embryos where ectopic neural structures
have been generated following implantation of FGF4
soaked beads, the localization of Not-1 is restricted to the
notochord of the main embryo. The notochord does not
show any evidence of expansion nor bifurcation (arrows
in Fig. 5). Moreover, Not-1-positive cells are not detected
underneath the ectopic neural plates (0/20, Fig. 5D),
which in some cases was also assessed for the presence of
Krox-20 expressing cells (arrowheads in Fig. 5A).
The Ectopic Neural Structures Do Not Seem to Be
a Consequence of the Previous Induction of an
Organizer-like Activity by FGF
By showing the absence of notochordal tissue we could
not discard the possibility of the factor inducing an
organizer-like activity near the bead implantation site
which could subsequently act as a neural inducer. Thus, we
checked for the presence of markers expressed in the
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organizer (Hensen’s node in the chick) around the FGF bead
4–8 h after bead implantation. We examined the expression
of goosecoid, noggin, and HNF-3b, each of which have been
shown to be expressed in Hensen’s node and later in the
prechordal plate region (Izpisu´a-Belmonte et al., 1993; Con-
nolly et al., 1997; Ruiz i Altaba et al., 1995). The analysis of
several such blastoderms shows that apart from the endog-
enous expression in the embryo, de novo expression of
goosecoid (0/11), noggin (0/11), and HNF3-b (0/4) was not
induced by the factor (Fig. 6 and Table 1). Analyses carried
out 12 h after bead implantation show that there are no
goosecoid nor noggin positive cells around the bead, con-
firming the results obtained at shorter times after bead
application and showing the absence of an induced pre-
chordal plate (Fig. 7 and Table 1).
DISCUSSION
FGF as a Neural Inducer: Anteroposterior
Patterning of the Ectopic Neural Plates
In this paper we show that the targeted application of
FGF-soaked beads in the epiblast of whole chick blastoderms
cultured in vitro leads to the generation of patterned neural
ectopic structures. Several studies have established the fate
map of the epiblast and of Hensen’s node in the gastrulating
chick embryo (Schoenwolf and Sheard, 1990; Schoenwolf and
Alvarez, 1991; Selleck and Stern, 1991; Garcı´a-Martinez et al.,
1993; Storey et al., 1995). Epiblast cells are still labile to
become surface epithelium or neural epithelium at the onset
of neurulation (Schoenwolf and Alvarez, 1991) and they loose
their ability to respond to neural induction by Hensen’s node
from stage 41 (Storey et al., 1992; Streit et al., 1997). Our
results indicate that cells located at the periphery of the area
pellucida, normally fated to be extraembryonic ectoderm
(Garcı´a-Martinez et al., 1993), can be induced to form neural
cells, indicating that most (if not all) epiblast cells of the
anterior area pellucida at stage 4 in the chick embryo are
competent to become neural cells. In this sense, the anterior
epiblast cells express the L5 antigen, which has been proposed
to be a marker for cells competent to respond to neural
induction (Streit et al., 1997). The ectopic neural structures
developed under the influence of the growth factor can be
connected (not shown) or independent of the main neural axis.
The extra neural cells that are continuous with the original
neural tube could be extensions of the original neural plate,
and additional studies are needed to assess the putative change
of fate of those cells. Here we clearly show that the indepen-
dent ectopic structures are patterned neural plates, as assessed
by the expression of position-specific neural markers, indicat-
ing a change of fate from nonneural to neural. We have not
detected the expression of the telencephalic marker BF-1,
suggesting that FGF is not able to induce neural structures of
the most anterior character. We have, however, observed
expression of Otx-2, indicating that FGF can generate neural
tissues with a phenotype anterior to that of the hindbrain.
Apart from the expression of this anterior neural marker, we
have been able to show that the ectopic neural structures also
express hindbrain and spinal cord markers.
Taken together, the results indicate that FGF is not
sufficient to generate a complete anteroposterior neural
axis. This is in agreement with the results obtained in
Xenopus animal cap cells by Lamb and Harland (1995) who
showed that the generation of the complete neural axis is
achieved by the concurrence of FGF and a neural inducer
(noggin). In fact, noggin is able to induce BF-1 in Xenopus
animal caps, whereas it is unable to induce posterior
markers such as HoxB3 (Papalopulu and Kintner, 1996).
Compatible with our results is the observation that neural
induction mediated by noggin and chordin is prevented in
Xenopus animal caps in which FGF signaling has been
blocked (Launay et al., 1996; Sasai et al., 1996). However,
Kroll and Amaya (1996) unexpectedly found patterned ner-
vous systems in transgenic Xenopus embryos expressing a
dominant negative mutant of the FGF receptor.
An intriguing possibility to account for the lack of the
anterior-most character of the induced neural plate is the
existence of a different mechanism governing the induction of
the anterior head region (Storey et al., 1992; Storey et al., 1995)
and even the existence of an anterior-specific organizer center,
as has been proposed for the mouse embryo (Thomas and
Beddington, 1996). Based on the expression pattern of the
homeobox-containing gene Hesx1 and on experiments in
which the anterior embryonic endoderm expressing the gene
was removed, these authors proposed that the primitive
endoderm could be responsible for the induction of rostral
FIG. 2. FGF4 induces supernumerary neural structures in the epiblast of chick blastoderms. Neural markers expressed in untreated
embryos (A, F, and K) or in embryos subjected to the application of FGF4-soaked beads at positions between P0 and P45 (B–E, G–J, and L–Q).
In all cases, an asterisk indicates the position of the bead. (A–E) Expression of EphA7. Note the typical pattern of EphA7 expression in the
embryos (A–D) and the expression in the ectopic neural plates close to the bead (arrowheads in B, C, and E). (F–J) EphA4 expression shows
its characteristic pattern in the embryos (F–I). Transcripts are also found in the ectopic plates induced by the bead in G, H, and J
(arrowheads). (K–Q) Krox-20 expression is shown in the embryos (K–N and P) and in the ectopic plates (arrowheads in L, M, and O–Q). P
and Q are high-power photographs of the ectopic structures originated in the blastoderm shown in L, where the bands of Krox-20 expression
can be better observed. The bands of Krox-20 expression are reminiscent of the expression in untreated embryos (r3, r5, and the presumptive
neural crest on r6; arrows in M, P, and Q). The dashed lines in C, H, and M indicate the approximate positions of the sections shown in
D, E, I, J, N, and O, respectively, and the solid lines in C and M indicate the positions where the blastoderm was split before embedding
to allow the proper orientation of the endogenous and ectopic structures. The bar indicates 250 mm.
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identity, which would be later maintained by the axial mes-
endoderm. Interestingly, new genes expressed in the anterior
endomesoderm have been isolated in Xenopus and mouse
embryos. These genes, cerberus and cerberus-like, encode
secreted proteins with forebrain-inducing activity (Bouw-
meester et al., 1996; Belo et al., 1997).
FGF May Act as Direct Neural Inducer
on Nonneural Ectodermal Cells
The absence of Not-1 expressing cells underneath the ec-
topic structures induced by FGF indicates that no new axial
mesoderm has been formed. This suggests that the ectopic
neural tissue is not the result of a process secondary to axial
mesoderm induction. It is possible that the competence of the
epiblast cells to respond to mesodermal induction by FGF is
lost at this stage, resulting in the factor acting at these stages
as a direct neural inducer, as discussed by Lamb and Harland
(1995) for Xenopus embryos. Although we cannot discard the
possibility of FGF acting through the induction of nonaxial
mesoderm that might in turn act as the direct neural inducer,
further support for the absence of mesodermal induction by
FGF comes from the morphological analysis of both endoge-
nous and ectopic tissues. Together with a deficit or lack of
mesodermal cells underneath the ectopic structures, there is
evidence of a lesser degree of bending when compared to the
endogenous plate. Interestingly, the mesoderm is believed to
contribute to the forces generated in the neural plate itself that
lead to the in-rolling of the plate to form the neural tube
during neurulation (Schoenwolf and Smith, 1990; Alvarez and
Schoenwolf, 1992).
The absence of notochordal tissue does not preclude the
existence of an organizer-like structure induced by FGF that
might, in turn, act as neural inducer. In fact, HNF-3b mutant
mice, despite the lack of a notochord, present an abnormal but
patterned neural tube (Ang and Rossant, 1994). However, the
absence of expression of several markers of the organizer
around the FGF bead indicates that this is not the case.
Furthermore, the absence of a newly induced prechordal plate
may account for the lack of neural tissue of the most anterior
character in the ectopic neural plates. Indeed, several groups
have recently shown the role of the prechordal plate in the
patterning of the forebrain, exhibiting both neuralizing and
rostralizing activities (Dale et al., 1997; Foley et al., 1997; Pera
and Kessel, 1997; Shimamura and Rubenstein, 1997).
FIG. 3. Rostrocaudal patterning of FGF4-induced ectopic neural plates: Anterior neural markers. (A, B) Expression of BF-1 in two
blastoderms in which FGF-soaked beads were applied at stage 4. Within the central nervous system, chick BF-1 is expressed in the
presumptive telencephalon (arrows in A and B). We have been unable to detect BF-1 transcripts in the ectopic plates induced by FGF4 in
our system (arrowheads in A and B). Otx-2 is a marker for prosencephalic and mesencephalic regions in the neural tube. C and D show an
example of an ectopic neural structure expressing Otx-2 and induced by an FGF4 targeted application, both in whole mount (C) and in a
section (D). The dashed line in C indicates the approximate position of the section shown in D. Asterisks indicate the positions of the beads,
and the bar corresponds to 250 mm.
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Putative Endogenous Source of FGF and Sites
of FGFR Expression
Different members of the FGF family have been shown to
be expressed at appropriate sites and stages to account for the
proposed neural inducing activity. FGF2 is expressed in the
epiblast and hypoblast cells at gastrulation stages. At these
stages, it is translocated from the nucleus to the cytoplasm,
and after its subsequent secretion it accumulates in the
extracellular basal lamina separating the epiblast from the
mesoderm, especially in regions close to Hensen’s node (Riese
et al., 1995). It is worth noting here that in our system ectopic
neural plates are only obtained when the FGF bead is placed
FIG. 4. Rostrocaudal patterning of FGF4-induced ectopic neural plates: posterior neural markers. Double detection of Krox-20 (shown in
blue) and cHoxB9 (shown in dark blue/brown) transcripts in two chick blastoderms (A and C) subjected to the targeted application of FGF4.
The position of the beads is indicated by an asterisk. Hindbrain (Krox-20) and spinal cord (cHoxB9) markers are expressed in the ectopic
neural epithelia. B is a higher magnification of the embryo shown in A to better assess the presence of Krox-20 transcripts in the ectopic
plate (arrowhead). Sections in D–G show the endogenous (D, F) and the ectopic expression (E, G) of the indicated genes. Scale bar
corresponds to 250 mm.
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between the epiblast and the hypoblast, in the mesenchymal
compartment, compatible with the location of the endoge-
nous source of FGFs. FGF4 is present in the rostral primitive
streak of the mouse embryo (Niswander and Martin, 1992)
and other members of the family have been recently shown to
be expressed by the node (Bueno et al., 1996; Smallwood et al.,
1996). Furthermore, FGF4 receptors are expressed in the entire
epiblast anterior to the node at HH4 (Marcelle et al., 1994).
The absence of FGF4 receptors in the posterior epiblast cells is
compatible with the fact that FGF beads do not elicit the
formation of ectopic neural structures in the posterior part of
the embryo. Taking into account that the two factors tested
(FGF2 and FGF4) are expressed at the appropriate sites and
that the release from the bead should be equally effective for
both of them, our results suggest that FGF4 may be a better
candidate than FGF2 to be the endogenous factor. Neverthe-
less, it should be considered that, in overexpression experi-
ments, promiscuous binding of the factor to receptors of other
family members may occur. This is especially true for mem-
bers of the FGF family. During limb development, a signal
from the apical ectodermal ridge is responsible for the pattern-
ing along the proximodistal axis. This signal is believed to be
an FGF as these factors can substitute for the ridge when
applied to wing buds following ridge removal. Both FGF2 and
FGF4 and also FGF8 can replace the ridge, giving rise to a
controversy as to which may be the real patterning factor
(Niswander et al., 1993; Fallon et al., 1994; Crossley et al.,
1996; Vogel et al., 1996). Thus, in overexpression experiments,
it is more accurate to refer to an FGF-like activity than to an
activity mediated by a particular FGF.
The Role of FGFs in Neural Induction
and Patterning
The process by which some of the epiblast cells become a
patterned neural epithelium and a neural tube is multifac-
torial and requires the existence of inducing signals and the
competence of the responsive cells. These processes are
tightly regulated during neurulation stages and can be
regarded as the responses of the competent cells to sequen-
tial and overlapping signals. Streit et al. (1997) have pro-
posed the existence of at least three different stages that
they have called competence, neuralization, and regional-
ization. In Xenopus embryos, neural induction seems to be
the result of the derepression of a neural default state.
BMP-4 is the proposed neural inhibitor and the blocking of
its signaling capacity gives rise to the formation of neural
tissue. It is not clear whether the mechanism of neural
induction is conserved in chick embryos since the known
neural inducers do not seem to act in the same way. Indeed,
noggin does not seem to be involved in primary axis
formation (Connolly et al., 1997) and chordin cannot induce
the expression of early neural markers in extraembryonic
ectoderm (Streit et al., 1998). However, a certain degree of
FIG. 5. Immunoreactivity for the axial mesodermal marker Not-1 in embryos treated with FGF4-soaked beads. A and B show two of the
treated blastoderms. Together with the ectopic Krox-20 expression in the ectopic neural plate (A, arrowheads), note the normal position of
the notochord (evidenced by the Not-1 marker, arrows) and the absence of Not-1 positive cells close to the beads (A and B). C and D show
sections taken from the embryo shown in B at the levels indicated by the dashed lines. The solid line in B indicates the position where the
blastoderm was split before embedding to allow the proper orientation of the endogenous and ectopic structures. The asterisks indicate the
positions of the beads and the scale bar corresponds to 250 mm.
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conservation seems to be likely because the homologous
molecules achieve neural specification in insects (Sasai and
de Robertis, 1997). Considering the competent stage as that
of responsiveness to neural inducers, it has been suggested
that in the chick it involves the presence of the L5 antigen
in the competent cells, possibly regulated by HGF/SF (Streit
et al., 1997). These authors define the second step as a
neuralized stage lacking position-specific markers and char-
acterized by the presence of L5 and expression of the Sox-2
gene at stages 5–6.
Transcriptional activation of the FGF gene in embryonic
stem cells depends on a synergistic interaction between the
two transcription factors Oct-3 and Sox-2 that bind to adjacent
sites on the FGF enhancer (Yuan et al., 1995). Sox-2 forms a
ternary complex with the Oct-3 protein on the FGF enhancer.
An intriguing possibility is that this interaction might also
occur in the epiblast of the gastrulating chick embryo. In fact,
a zebrafish homologue of the Oct-3 gene has been shown to be
expressed in the epiblast at gastrulation stages (Takeda et al.,
FIG. 7. Expression of goosecoid (A–C) and noggin (D–F) 12 h after
FGF4 bead treatment. The dashed lines show the positions of the
sections taken from the corresponding embryos. The photographs
of the whole-mounted embryos correspond to ventral views. Note
the absence of gsc and noggin expression around the beads. n,
notochord; fe, foregut endoderm. The bar indicates 250 mm.
FIG. 6. FGF4 does not induce the expression of markers of the
organizer. (A–C) Expression of goosecoid (gsc) detected 4 h after
FGF4 bead implantation. (D–I) Expression of noggin (D–F) and
HNF3-b (G–I) 6 h after bead application. At the stages shown, gsc is
expressed in the prechordal plate (pp), noggin can be detected in the
presumptive notochord (n), and HNF-3b is present at the three
germ layers: presumptive floor plate (fp), presumptive notochord
(n), and anterior endoderm (e). Note the absence of expression
around the beads (C, F, and I). The dashed lines in A, D, and G
indicate the approximate positions of the sections shown in B, C, E,
F, H, and I, respectively. All photographs of the whole-mounted
embryos show ventral views of the corresponding blastoderms. The
asterisks indicate the positions of the bead and the bar indicates
250 mm.
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1994). Sox-2 expression is centered in the node, which is the
putative source of FGF4. Thus, Sox-2 could induce the expres-
sion of FGF, which in turn would elicit the effects that we
have observed as a consequence of its targeted overexpression.
Since in our system FGF is able to generate a neural plate
which is almost complete in terms of anteroposterior pattern-
ing, our results are compatible with FGF acting in two ways
that can be discussed in terms of the different models pro-
posed for neural induction and patterning. Considering the
competence, neuralization, and regionalization model pro-
posed by Streit et al. (1997), FGF would be involved in both the
neuralization and regionalization steps. The two-signal model
independently proposed by Nieuwkoop and Saxe´n in the
1950s (reviewed by Nieuwkoop and Albers, 1990; Saxe´n, 1989)
predicts that neural induction and patterning would be gov-
erned by two main signals, the first signal being the inducer
that would confer neural anterior phenotype to the responding
tissue and the second signal being the transformer that would
confer a graded posterior phenotype on the already neuralized
cells depending on its concentration. Regarding FGF acting as
neural inducer in our system, the induced tissue would not be
of the most anterior character, the complete anteroposterior
pattern being generated by the combination with other signal-
ing systems (i.e., prechordal plate). In any case, and as far as
the regionalization step is concerned, FGFs could act together
with other signaling molecules such as members of the Wnt
family (McGrew et al., 1995) and retinoids (Blumberg et al.,
1997). Thus, we conclude that FGF can act as neural inducer
and in the neural patterning of the chick embryo. In agree-
ment with this, during the revision of this paper, a paper by
Storey et al. (1998) was released via the World-Wide Web
indicating that FGF can act as an inducer of posterior neural
tissue in extraembryonic ectoderm (zona opaca).
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